Heat trans fer en hance ment tech nique had been used in sev eral ap pli ca tions such as auto mo tive cool ing, pe tro leum in dus tries, air con di tion ing and re frig er at ing sys tems, nu clear re actor, etc. Heat trans fer aug men ta tion tech niques can be clas si fied into two cat e go ries: (a) Ac tive tech nique: by sup ply ing ex ter nal power source to the fluid/equip ment (b) Pas sive tech nique: turbulators or swirl flow de vices or fluid ad di tive. In terms of re duc ing the size and cost of the de vices and sav ing the en ergy, sev eral en gi neer ing tech niques had been de vised to en hance the heat trans fer rate. One among the method of en hanc ing the heat trans fer is add ing ad di tives to the work ing flu ids to change the fluid prop er ties and in ser tion of swirl flow gen er a tors. 
In tro duc tion
Heat trans fer en hance ment tech nique had been used in sev eral ap pli ca tions such as auto mo tive cool ing, pe tro leum in dus tries, air con di tion ing and re frig er at ing sys tems, nu clear re actor, etc. Heat trans fer aug men ta tion tech niques can be clas si fied into two cat e go ries: (a) Ac tive tech nique: by sup ply ing ex ter nal power source to the fluid/equip ment (b) Pas sive tech nique: turbulators or swirl flow de vices or fluid ad di tive. In terms of re duc ing the size and cost of the de vices and sav ing the en ergy, sev eral en gi neer ing tech niques had been de vised to en hance the heat trans fer rate. One among the method of en hanc ing the heat trans fer is add ing ad di tives to the work ing flu ids to change the fluid prop er ties and in ser tion of swirl flow gen er a tors. Nanofluid, fluid con tain ing nanometer sized par ti cles with sta bil ity is an ad vanced heat trans fer fluid which can over come the poor thermophysical prop er ties of con ven tional heat trans fer flu ids such as: pure wa ter, eth yl ene gly col, par af fin, etc. Nanofluids have been proven ad van tages such as: (a) higher ther mal con duc tiv ity, (b) lower dy namic vis cos ity, (c) ex cel lent sta bil ity, and (d) neg li gi ble pres sure drop and pipe wall cor ro sion. The ef fec tive ness of nanofluids in forced con vec tive heat trans fer de pends on whether ther mal con duc tiv ity can outweigh the pen alty in pump ing power. The con cept of nanofluid was pro posed first by Choi and East man [1] . Lee et al. [2] ob served an in crease in ther mal con duc tiv ity for the sus pen sion of 4.0% vol ume of CuO nanoparticles (35 nm) in eth yl ene glycol of 20% en hance ment. Das et al. [3] ob tained 2-4 fold en hance ment in the ther mal con duc tiv ity of nanofluid in the tem per a ture range of 21-510 °C us ing Al 2 O 3 nanofluid. Wen and Ding [4] in ves ti gated that Al 2 O 3 nanoparticles when dis persed in wa ter can sig nif i cantly en hances con vec tive heat trans fer in the lam i nar flow re gion and this en hance ment in creases with Reynolds num ber and par ti cle con centra tion. Ex per i ments con ducted by Heris et al. [5] with Al 2 O 3 /wa ter nanofluid in the lam i nar flow range un der iso ther mal wall bound ary con di tion re versed that en hance ment of that trans fer takes place with in crease of Peclet num ber and vol ume con cen tra tion. Farajollahi et al. [6] inves ti gated the per for mance of Al 2 O 3 and TiO 2 nanofluids in a shell and tube heat exchanger. They re ported that for both nanofluids two dif fer ent op ti mum con cen tra tions ex ists and nanofluids have su pe rior en hance ment ca pa bil i ties of heat trans fer in com par i son with the base fluid. The per for mance of nanofluids in a cir cu lar tube with con stant heat flux condition been reported by Kim et al. [7] . They have re ported 15% and 20% en hance ment in the con vec tive heat trans fer co ef fi cient of alu mi num nanofluids in com par i son to base fluid in lam i nar and tur bu lent flow, re spec tively. And also, the ther mal bound ary layer played a dom i nant role in tur bu lent flow re gime.
Heat trans fer aug men ta tion with nanofluids in a tube has been ob served with the use of tube in sert for fur ther en hance ment is the ob jec tive of this study. The im por tant group of de vices used in pas sive method is swirl flow de vices which pro duces sec ond ary re-cir cu la tion on the axial flow lead ing to an in crease of tur bu lent fluc tu a tion. It al lows a greater mix ing of fluid in side a heat exchanger tube, sub se quently re duces the thick ness of hy dro dy namic bound ary layer thickness. It re sults in greater heat trans fer co ef fi cient, length en ing the flow path in con se quence of turbulating fluid mo tion, im prov ing fluid mix ing and thin ning ther mal bound ary layer. However, pump ing power re quired is more when in serts are equipped in side the tube. So, mea sures have to be taken into ac count by us ing in sert with a proper ge om e try. Eiamsa-ard et al. [8] [9] [10] inves ti gated the heat trans fer and fluid fric tion char ac ter is tics of twisted tape el e ments. They found that the ge om e tries of twisted tape had greater im pact on fluid mix ing and heat trans fer rate. The re sults showed that the heat trans fer co ef fi cient as well as fric tion fac tor in creases with de crease in twist ra tio. Sivashanmugam and Suresh [11, 12] com pared the per for mance and pres sure drop of full length he li cal twisted tape and reg u larly spaced he li cal screw-tape in serts in lam i nar and tur bu lent re gion. The re sults re vealed that the tape with spacer length within 10% of the en tire length could pre serve heat trans fer en hance ment and de crease pres sure drop si multa neously. Jaisankar et al. [13] em ployed typ i cal twisted tape with dif fer ent twist ra tios in a so lar wa ter heater and ob served that the tape with a smaller twist ra tio pro vided higher en hance ment in heat trans fer due to a strong swirl flow in ten sity. Murugesan et al. [14] con ducted ex per iments with twisted tape in con junc tion with the wire nails in a dou ble pipe heat exchanger. The re sults re vealed that com pared, to typ i cal twisted tape, it of fered higher heat trans fer rate which is due to swirl flow cou pled, with an ex tra-fluid dis tur bance sec ond ary flow in the vi cin ity of the tube wall. Eiamsa-ard and Kiatkittipong [15] stud ied the ef fect of mul ti ple twisted tapes in dif -fer ent ar range ment with TiO 2 /wa ter nanofluid. The re sults re vealed that the tapes in coun ter arrange ment pro vided higher ther mal per for mance fac tor than that in co-ar range ment and the bene fit of TiO 2 nanoparticles in wa ter was sig nif i cant in im prov ing the ther mal per for mance. Suresh et al. [16, 17] con ducted ex per i ments us ing he li cal screw tape in serts and spi ral rod inserts with Al 2 O 3 /wa ter nanofluid. The spi raled rod in serts with 15 mm pitch ex hib ited better heat trans fer en hance ments com pared to the spi raled rod in serts hav ing a pitch of 30 mm and authors re ported that the in ser tion of in serts and nanofluid en hanced the heat trans fer with con sider able pres sure drop. Chandrasekar et al. [18] stud ied the ef fect of wire coil in sert with Al 2 O 3 /wa ter nanofluid in a cir cu lar pipe and re vealed the en hance ment of heat trans fer. Kongkaitpaiboon et al. [19] in ves ti gated the ef fect of cir cu lar ring turbulators in heat exchanger tube un der con stant heat flux con di tion. The re sults re vealed the ef fect of pitch and di am e ter ratio on the heat trans fer rate and it is ev i dent that the si mul ta neous use of nanofluid and in serts effi ciently im proved heat trans fer rate with re spect to the in di vid ual use of in serts or nanofluid. The at trac tive char ac ter is tics of both Al 2 O 3 /wa ter nanofluid and in serts, previously men tioned above, have mo ti vated the pres ent re search to com bine their ef fects. For the pres ent study, the ex per i ments were con ducted us ing Al 2 O 3 /wa ter nanofluid with con cen tra tion of 0.1% by volume. Pitch to di am e ter ra tios of in sert was kept con stant while Reynolds num ber was var ied from 766 to 2300. The tests us ing nanofluid to gether with in sert, in sert alone were also conducted, for com par i son.
Exerimental set-up and procedure

Ex per i men tal set-up
The de tails of the ex per i men tal set-up are shown in fig. 1 . It con sists of a test sec tion, calm ing sec tion, pump, cool ing unit, and a fluid res er voir. Both the calm ing sec tion and test sections are made of straight cop per tube with the di men sions of 1000 mm long, 10 mm ID, and 12 mm OD.
The calm ing sec tion is used to elim i nate the en trance ef fect and to en sure the fully de veloped flow in the test sec tion. The test sec tion tube is wound with ce ramic beads coated elec tri cal SWG Ni chrome heat ing wire of re sis tance 120 W for uni form heat ing. Over the elec tri cal wind ing a thick in su la tion is pro vided us ing glass wool to min i mize heat loss from the test sec tion to the sur round ings. The ter mi nals of the Nichrome wire are at tached to an auto-trans former, by which heat flux can be var ied by vary ing the volt age. Five cal i brated RTD PT 100 type tem per a ture sen sors are placed in the thermo wells mounted on the test sec tion at ax ial po si tions in mm of 100, 200, 400, 600, and 800 from the in let of the test sec tion to mea sure the out side wall tem per a tures. Two cal i brated RTD PT 100 type tem per a ture sen sors im mersed in the mix ing cham bers pro vided at in let and out let to mea sure the in let and exit tem per a tures of the fluid. A peri stal tic pump is used to cir cu late the fluid through the test sec tion. The pump dis charge is var ied by ad just ing the speed of ro ta tion. The pump gives a max i mum dis charge of 1 litre per min ute. A con tainer of five litres ca pac ity is used as the fluid res er voir. The pump was cal i brated by us ing a glass jar. This was done by collect ing the vol ume of wa ter in the jar at a given in ter val of time and com pared with the vol ume flow rate mea sured from the pump. A dif fer en tial U-tube ma nom e ter is also fit ted across the test sec tion to mea sure the pres sure drop. The fluid af ter pass ing through the heated test sec tion flows through a riser sec tion and then through the cool ing unit which is an air cooled heat exchanger and fi nally it is col lected in the res er voir.
De tails of cir cu lar ring in sert with cen ter core rod
The de tails of the cir cu lar ring in sert with cen ter core rod are dem on strated in fig. 2 . The cir cu lar rings of dif fer ent di am e ters are made up of brass of 1 mm thick ness with V-cuts on the pe riph ery of the ring. Later the cir cu lar rings are pasted on to a brass rod of 2.5 mm to get vari ous pitch to di am e ter ra tio.
Four dif fer ent in serts of pitch to di am e ter ratios 6.25, 8.33, 12.5, and 16.67 are used in this pres ent ex per i men ta tion tab. 1.
Nanofluid properties
Nanofluid with a re quired vol ume con centra tion of 0.1% was pre pared by dis pers ing spec i fied amounts of Al 2 O 3 nanoparticles in deionized wa ter. To make the nanoparticles more sta ble and re main more dis persed in wa ter, ul tra sonic vi bra tor was used. Sonication was done for one hour con tin u ously to ob tain a more sta ble and evenly dis persed nanoparticle suspen sion. The pH of the pre pared nanofluids were mea sured by a pH me ter (Sar to rius PB-11) and found to be around 5 which is far from the isoelectric point for aluminum nanoparticles. This ensures the nanoparticles are well dis persed and the nanofluid is sta ble be cause of very large re pulsive forces among the nanoparticles when pH is far from isoelectric point.
The thermophysical prop er ties of nanofluids such as mass den sity, ther mal con duc tivity, spe cific heat, and vis cos ity at the av er age bulk tem per a ture for a vol ume con cen tra tion of f were cal cu lated us ing the re gres sion cor re la tions pre sented in the lit er a ture.
Mass den sity
The ra tio of den sity of nanofluid to that of base fluid is cal cu lated ac cord ing to Pak and Cho equa tion [20] 
Ther mal con duc tiv ity
The ra tio of ther mal con duc tiv ity of nanofluid to that of base fluid is given by Maxwell [21] :
Spe cific heat
The spe cific heat of the nanofluid is cal cu lated us ing Xuan and Roetzel equa tion [22] : 
Ta ble 1. Pitch to di am e ter ra tio p/d
No.
Pa 
Vis cos ity
The ef fec tive vis cos ity of a fluid con tain ing spher i cal par ti cle in lower vol ume concen tra tion is cal cu lated ac cord ing to Einstien equa tion [23] 
Ex per i men ta tion and data col lec tion
Ex per i ments were car ried out to cal cu late the con vec tive heat trans fer and fric tion fac tor char ac ter is tics of wa ter and nanofluid through the tube with cir cu lar ring inserts with cen ter core rod. The stor age tank is filled with the work ing fluid and the peri stal tic pump is turned on to ini ti ate the flow of fluid through the test sec tion. The re quired flow rate to the test sec tion was main tained by ad just ing the speed of ro ta tion. Af ter ad just ing the flow rate, the heat flux was set by ad just ing the elec tri cal voltage with the help of an auto-trans former. Ini tially, tests were con ducted with wa ter for val i da tion of the ex per i men tal fa cil ity. The flow rate to the test sec tion and heat flux was var ied, and read ings were taken af ter steady-state con di tions at tained. Af ter steady-state con di tions have been reached, the in let and out let tem per a ture of the fluid, mass flow rate, the tube wall tem per a tures, and elec tric power in put dur ing each test run were noted down. Later by in sert ing the cir cu lar ring in sert with cen ter core rod of dif fer ent pitch to di am e ter ra tios, tests were con ducted with wa ter and nanofluid. In or der to eval u ate the fric tion fac tor char ac ter is tics of the flow, the pres sure drop was mea sured for each mass flow rate un der iso ther mal con di tion.
Data col lec tion
The to tal heat sup plied in to the test sec tion was es ti mated by:
The heat in put to the fluid i. e. the sen si ble heat gained by the fluid is given by:
The ac tual heat flux is then cal cu lated:
The lo cal heat trans fer co ef fi cient is cal cu lated from:
The lo cal fluid tem per a ture is eval u ated by the fol low ing en ergy bal ance equa tion:
The av er age heat trans fer co ef fi cient is cal cu lated us ing:
The av er age Nusselt num ber is eval u ated as:
Val i da tion of the ex per i men tal fa cil ity
Ini tially ex per i ments were con ducted with dis tilled wa ter in plain tube un der lam i nar flow con di tions which forms the ba sis for com par i son of the re sults with nanofluids as well as for the val i da tion of the ex per i men tal sys tem. The ex per i men tal re sults are quite agree able with the Shah equa tion [24] .
Fig ure 3 shows the vari a tion of Nusselt num ber along the ax ial di rec tion at a Reynolds num ber of 766. 
Re sults and dis cus sion
Heat trans fer char ac ter is tics of nanofluids with and with out in serts
Ex per i ments were con ducted to study the heat trans fer en hance ment of Al 2 O 3 /wa ter nanofluid and cir cu lar ring in sert with cen ter core rod. The Nusselt num bers cal cu lated from the mea sured val ues of mean wall tem per a ture of the tube with nanofluid and cir cu lar ring, are fig. 5 . It has been ob served that the Nusselt num ber in creases with Reynolds number for all the cases.
Ini tially, tests have been car ried out by us ing 0.1% vol ume con cen tra tion of Al 2 O 3 /wa ter nanofluid and wa ter. For the given op er at ing con di tions, Nusselt num ber of nanofluid found to be in creas ing than wa ter. The av er age enhance ment in Nusselt num ber for plain tube with Al 2 O 3 /wa ter nanofluid was 12.87% compared to that of wa ter as the work ing fluid. This may be due to the fact that the par ti cle laden nanofluid in creases the ther mal con duc tiv ity of the mix ture, in crease in en ergy ex change rate due to col li sion of nanoparticles as claimed by Wen and Ding [4] . Later the cir cu lar ring in serts were fit ted in side the tube and read ings are taken. The cir cu lar ring in sert ex hib its higher heat trans fer rate for both nanofluids and pure water in lam i nar re gime. The en hance ment in Nusselt num ber in creases with de crease in pitch to di am e ter ra tio. The av er age en hance ment in Nusselt num ber was 136.67, 127.16, 104.48, and 110.02% for var i ous pitch to di am e ter ra tios. With Al 2 O 3 /wa ter nanofluid, the in crease in av erage Nusselt num ber was found to be 165.38, 144.95, 121.5, and 115.86% cor re spond ing to pitch to di am e ter ra tios of 6.25, 8.33 , 12.5, and 16.67, re spec tively. For given Reynolds num ber, the re sults re vealed that the en hance ments in Nusselt num ber of in serts are larger than that of plain tube. This may be due to the com bined ef fect of nanofluids and cir cu lar ring in serts. The in serts cre ate swirl flow cou pled with an ex tra fluid dis tur bance and sec ond ary flow in the vi cin ity of tube wall, re sult ing in su pe rior heat trans fer aug men ta tion. The V-cuts pro vided in the pe riph ery of the cir cu lar rings pro vide an ad di tional tur bu lence and vor ti ces be hind the cuts lead to an extra aug men ta tion.
The re sults of heat trans fer study are used to de rive the fol low ing cor re la tion of Nusselt num ber us ing least square method of re gres sion anal y sis: 
The cor re la tions are valid for lam i nar flow of 0.1% vol ume con cen tra tion of Al 2 O 3 /wa ter nanofluid and cir cu lar ring in sert of var i ous pitch to di am e ter ra tios rang ing from 6.25 to 16.67.
The Nusselt num ber val ues pre dicted by the previous cor re la tion shows rea son able agree ment with the ex per i men tal data fig. 6 .
Fric tion fac tor study with and with out in serts
The fric tion fac tor is cal cu lated by mea sur ing the pres sure drop across the test fa cil ity, us ing the fol low ing re la tion: Fig ure 7 shows the vari a tion of var i ous flu ids with Reynolds num ber for the plain tube with and with out cir cu lar ring in serts. For the given op er at ing con di tions, the fric tion fac tor of nanofluid was al most equal to that of wa ter. How ever, the pres sure drop in creases sig nif i cantly with the use of cir cu lar ring in serts. The max i mum value of fric tion fac tor was found to be with in sert of 6.25 pitch to di am e ter ra tio. Com pared to plain tube with wa ter, the av er age fric tion fac tor of Al 2 O 3 /wa ter nanofluid was found to be 7.89, 6.67, 6.35, and 5.58 times higher for pitch to di am e ter ra tios of 6.25, 8.33, 12.5, and 16.67, re spec tively.
The re sults ob tained from the pres ent in ves ti ga tion are used to de rive the fol low ing cor re la tion us ing least square method:
The pre dicted val ues of fric tion fac tor are com pared with the ex per i men tal re sults which are shown in fig. 8 .
Ther mal per for mance of cir cu lar ring in serts
To eval u ate the po ten tial for real ap pli ca tion of the en hance ment de vice, both en hanced heat trans fer and pres sure drop caused by the de vice has to be taken in to ac count si mul ta neously. The en hanced heat trans fer is de fined as the ratio of Nusselt num ber in the tube with in sert to that of the tube with out in sert (Nu/Nu p ). Likewise, en hanced fric tion fac tor ra tio is de fined as the ra tio of fric tion fac tor in the tube with in sert to that in the tube with out the in sert (f/f p ).
The ra tio of both these cri te ria un der the con straint of a con stant pump ing power gives the ther mal per for mance fac tor: 
The val ues of ther mal per for mance fac tor for all in serts were found to be greater than unity. The re sults re vealed that the cir cu lar ring in sert with cen ter core rod with var i ous pitch to di am e ter ratios are con sid ered fea si ble in terms of en ergy saving over the range stud ied. The max i mum ther mal per for mance fac tor was ob tained with the in sert of 6.25 pitch to di am e ter ra tio, fig. 9 .
Con clu sions
In this study, in ves ti ga tions on con vec tive heat trans fer, fric tion fac tor, and ther mal per for mance char ac ter is tics of Al 2 O 3 /wa ter nanofluid are car ried out in lam i nar re gime with and with out cir cu lar ring in sert of four pitch to di am e ter ra tios un der con stant heat flux con di tion. Ex per i men tal re sults ob tained were com pared with those ob tained from the the o ret i cal data of plain tube. The re sults ob tained lead to the fol low ing conclusions: · Al 2 O 3 /wa ter nanofluid of very low vol ume con cen tra tion en hanced the av er age Nusselt num ber by 12.87% com pared to that of pure wa ter. · For the same op er at ing con di tions con vec tive heat trans fer were fur ther in creased by the use of cir cu lar ring in sert. · The heat trans fer and fric tion fac tor in creases with de crease in pitch to di am e ter ra tio and the ther mal per for mance fac tor for all the cases were more than one. · Two new em pir i cal cor re la tions were de vel oped for Nusselt num ber and fric tion fac tor, for Al 2 O 3 /wa ter nanofluid. 
